Ski interacting protein (Skip) plays an important role in the transforming activity of both v-Ski and EBNA2 (Epstein±Barr virus encoded latency protein) and is involved in EBNA2 and NotchIC activation of CBF1-repressed promoters. We have previously shown that Skip acts as a transcriptional co-activator on a number of cellular and viral promoters. Here, we report that Skip also interacts with pRb and, in cooperation with Ski, can overcome pRb-induced transcriptional repression. We show a strong and direct interaction between pRb and Skip, and we map the site of interaction to amino acid residues 171±353 of the evolutionarily conserved SNW domain of Skip. Furthermore, the combination of Skip and Ski can successfully overcome the G1 arrest and¯at cell phenotype induced by pRb. Taken together, these studies suggest that one potential function of the Skip±Ski complex is to overcome the growth-suppressive activities of pRb.
INTRODUCTION
Skip, the human homolog of Drosophila melanogaster nuclear protein Bx42, was originally discovered as Ski interacting protein (1, 2) . Ski is a proto-oncogene and was discovered through its presence in the genome of an avian acutely transforming retrovirus (3) . Its overexpression in avian ®broblasts leads to an anchorage-independent growth and morphological transformation (4) . Cellular Ski binds DNA in a mammalian nuclear extract, in association with other proteins, and regulates transcription (5) . Ski can function either as a transcriptional activator or as a repressor depending on the cellular and promoter context. Cellular Ski was found to be a component of the histone deacetylase (HDAC1) complex through binding to nuclear hormone receptor co-repressor (N-CoR) and mSin3A, thereby mediating transcriptional repression by the thyroid hormone receptor, by Mad and by pRb (6, 7) . In contrast, the v-Ski protein, which lacks a 292 amino acid region from the C-terminus of c-Ski, inhibits pRb-mediated transcriptional repression in a dominant negative fashion. This leads to the intriguing question of whether the c-Ski and v-Ski oncoproteins can transform cells through similar mechanisms (7, 8) . In addition, the Ski±Skip interaction is also thought to be important for Ski's transforming activity, since Skip interacts with the domain of Ski required for the induction of transformation (2) .
Skip is a nuclear protein with a broad tissue distribution. Skip homologs have been identi®ed from many diverse species (1,9±11) . A large amount of evidence in recent years suggested that human Skip may also have a role in transcriptional regulation, similar to its Drosophila homolog Bx42. Skip expression enhanced vitamin D-responsive transient gene expression and also enhanced retinoic acid-, estrogenand glucocorticoid-mediated gene expression (12) . In addition, Skip has been shown to have a role in EBNA2-and Notch-mediated transcriptional activation (13, 14) . A signi®-cant contribution of EBNA2 to immortalization is attributable to EBNA2-mediated activation of CBF1-repressed cellular gene expression, and contact of EBNA2 with Skip is required for the effective EBNA2 targeting to DNA (13) . In the case of Notch, the activated intracellular form, NotchIC, activates the expression of target genes by overcoming the CBF1-mediated repression (15) , an activity that also requires Skip (14) .
We recently reported that Skip can activate the expression of many different promoters and is capable of cooperating with known transcription factors in promoter activation (16) . In agreement with our data, most recent studies indicate that Skip interacts with Smad proteins to augment TGF-bdependent transcription, and interacts with poly(A)-binding protein 2 to synergistically activate E-box-mediated transcription through MyoD (17, 18) . However, the mechanism of transcriptional activation mediated by Skip is not clear. Therefore, we sought to investigate the probable mechanism behind the transactivation capabilities of Skip. As v-Ski can inhibit pRb-induced transcriptional repression, it was of interest to see whether Skip can also modulate pRb activity. Here, we show that Skip also interacts with the pRb tumor suppressor and abrogates its ability to repress gene expression. Skip is also able to inhibit the transcriptional repression mediated by another pocket protein, p130. We also demonstrate that the combination of Skip and Ski can inhibit pRbinduced G1 arrest and the¯at cell phenotype. These results suggest that one means by which Skip can act as a general transcriptional activator is through abrogation of pocket protein transcriptional repression.
MATERIALS AND METHODS

Plasmids
Various forms of Skip used in the study were cloned in pcDNA 3.1 at BamHI±EcoRI by PCR ampli®cation from the Skip expression plasmid, pCGSP-Skip (2, 16) . For making His 6 -Skip 1±353, the gene was cloned in pET7His6 at BamHI±EcoRI sites. These constructs were veri®ed by DNA sequencing using the dideoxy chain termination method (19) and were used both for in vitro translations and for expression in cells. Cellular Ski expression plasmid, pMT2-Ski, has been described previously (2) and the GST-Ski expression plasmid was a kind gift from Shunsuke Ishii (6) . pCMV-Rb has been described previously (20) , as has the CAT reporter constructs AdE2CAT and 5X GAL4TK-CAT (21, 22) . GAL4-Rb was a gift from Tony Kouzarides (23) .
Cells
U2OS and Saos-2 cells were grown in DMEM supplemented with 10% fetal calf serum. Transfections were performed using the calcium phosphate precipitation method.
Transfections and CAT assays
Cells were transfected with 1 mg of reporter plasmids (unless otherwise stated) along with indicated amounts of expression plasmids. Where titrations were performed, DNA input was balanced with empty vector DNA. After 48 h, the cells were harvested in 100 ml of CAT buffer (40 mM Tris±HCl pH 7.5, 150 mM NaCl, 1 mM EDTA) and subjected to three cycles of freeze±thawing, followed by incubation at 65°C for 10 min. Samples were clari®ed by centrifugation at 14 000 r.p.m. in an Eppendorf microfuge for 2 min and the protein concentration of the supernatant was measured by the Bio-Rad protein assay. CAT assays were routinely performed with 5±10 mg of protein incubated with 2.5 ml of acetyl-CoA (33.3 mg/ml) and 1.5 ml of [ 14 C]chloramphenicol (50 mCi/mol; Amersham) in a ®nal volume of 50 ml at 37°C for 1 h. Following extraction with ethyl acetate, samples were analyzed by thin-layer chromatography and quanti®ed with a Packard Instant Imager (Packard, Meriden, CT).
Western blotting
Proteins were separated by SDS±PAGE and transferred to nitrocellulose. His 6 -Skip was detected by using a polyclonal antibody raised against the His-tagged Skip 1±353, and then developed using the ECL detection system according to the manufacturer's instructions (Amersham). For the analysis of pRb expression, U2OS cells were transfected with various combinations of the plasmids pCMV-Rb, pCDNA3-HA-Skip and pCMV-Ski. The b-galactosidase (b-Gal)-expressing plasmid, pCMV-bGal, was also included as a transfection control. After 48 h, the cells were harvested, lysed in SDS sample buffer and subjected to SDS±PAGE and western blotting. The proteins were detected using anti-pRb monoclonal antibody (Becton Dickinson), anti-HA monoclonal antibody (Roche) and anti-b-Gal monoclonal antibody (Promega), and then developed using the ECL detection system (Amersham).
In vitro translations and GST-pull-down assays 35 S-labeled proteins were produced in vitro by using a coupled transcription±translation system (Promega TNT) according to the manufacturer's instructions. For fusion protein production and puri®cation, 100 ml of an overnight culture of Escherichia coli strain BL-21 containing the GST-Ski expression plasmid was inoculated into 1 l of Luria broth containing ampicillin and incubated at 37°C for 1 h. Recombinant protein expression was induced for 3 h with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG; Sigma). The cells were harvested by centrifugation, disrupted by sonication and cell debris was removed by centrifugation. The levels of protein induction were then determined by SDS±PAGE and Coommassie brilliant blue R staining. For the direct binding assay, Histagged Skip protein was puri®ed as described previously (24) .
Equal amounts of GST and GST-Rb fusion protein bound to glutathione-linked agarose (Sigma) were incubated with the in vitro translated proteins for 1 h at room temperature in a buffer containing 50 mM Tris±HCl pH 7.5, 100 mM NaCl and 2.5 mM EDTA. Bound proteins were washed extensively in PBS containing 0.5% NP-40 before analysis by SDS±PAGE and autoradiography.
Cell-cycle analysis
Determination of the percentage of cells in the G1 phase of the cell cycle was done using¯uorescence-activated cell sorting (FACS). One microgram of green¯uorescent protein (GFP)-expressing plasmid was co-transfected with 1 mg of pRb expression plasmid together with 5 mg each of Skip and Ski expression plasmids or empty vector as indicated. Forty-eight hours post-transfection the cells were trypsinized and pelleted. Cells were ®xed in 5% paraformaldehyde in PBS for 1 h on ice. After washing in PBS containing 1% fetal calf serum, the cells were then treated with 70% ethanol for 1 h on ice. Prior to FACS analysis the cells were incubated with 200 mg of RNase A for 1 h and then stained with propidium iodide (20 mg/ml). GFP-expressing cells were sorted and analyzed for DNA content (FACSCalibur; Beckton Dickinson). Estimation of the cell-cycle distribution from the DNA content was analyzed using the MODFIT LT program.
Flat cell assay
The¯at cell assay was done as described previously (25) . Saos-2 cells were co-transfected with pRb-expressing plasmid and pBabe-puro together with Skip and Ski expression plasmids. Transfected cells were selected on puromycin for 2 weeks, cell morphology was assessed and b-Gal staining was done as described before (26) . Brie¯y, cells were washed in PBS, ®xed for 3±5 min at room temperature in 2% formaldehyde/0.2% glutaraldehyde, washed, and incubated at 37°C with fresh senescence-associated (SA) b-Gal stain solution: 1 mg/ml 5-bromo-4-chloro-3-indolyl-D-galactosidase (XGal), 40 mM citric acid/sodium phosphate pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl 2 . Staining was evident in 2±4 h and maximal in 12±16 h.
RESULTS
Abrogation of pRb-induced transcriptional repression by Skip and Ski
Since v-Ski has been shown to inhibit pRb transcriptional repression (7), we wanted to investigate the effects of Ski and Skip on pRb transcriptional activity. To do this, ®rst we used the AdE2 promoter in Saos-2 cells, where the promoter is constitutively active due to the absence of pRb (21, 27) . Cells were transfected with the reporter plasmid together with pRb. In addition, c-Ski and Skip were also included, either alone or in combination. The results are shown in Figure 1A . It is clear that, as expected, pRb represses transcription from the AdE2 promoter. Addition of increasing amounts of either c-Ski or Skip alone has only minimal effects on the ability of pRb to repress transcription from the AdE2 promoter. Interestingly, however, when increasing amounts of c-Ski and Skip are added in combination, it is clear that pRb-induced repression is readily overcome. We next wanted to investigate whether the effects of Skip and Ski were directed speci®cally towards pRb transcriptional suppressor activity or to a more generalized effect of affecting E2F inhibition. To do this, we investigated the effects of expression of Skip and Ski on Gal4-Rb-induced transcription of a 5xGal4TK-CAT reporter. As expected, Gal4-Rb strongly repressed transcription from the Gal4 site-containing reporter (Fig. 1B) . However, it is clear that this Gal4-Rb-induced repression was abrogated by coexpression of Skip and Ski. None of the above effects were due to a decrease in the levels of pRb as a result of Skip and Ski overexpression, since western blot analysis of pRb expression in the presence of increasing amounts of Skip and Ski revealed no major differences in the levels of pRb protein expression (Fig. 1C) .
Taken together, these results demonstrate that c-Ski and Skip can act in concert to overcome the transcriptional repression mediated by pRb. 
Skip interacts with pRb
Having found that Skip and Ski can together inhibit pRb transcriptional repression, it was of interest to investigate the underlying mechanisms. Since c-Ski has been found to interact with the`B' pocket of pRb (7), we ®rst investigated whether Skip, the binding partner of Ski, can also associate with pRb. Bacterially expressed GST alone or GST-Rb fusion proteins were immobilized on glutathione±agarose (Sigma) and were then mixed with in vitro translated radiolabeled Skip protein. After extensive washing, the bound proteins were analyzed by SDS±PAGE and autoradiography. As shown in Figure 2 , over 20% of the input of Skip protein was retained on the pRb-conjugated agarose beads. It can also be seen from Figure 2 that the interaction was stable in 0.5 M NaCl, suggesting that pRb and Skip can form a highly stable complex in vitro. These results suggest that the ability of Skip and Ski to overcome pRb transcriptional repression most likely depends on the physical interaction of these three proteins.
Identi®cation of the pRb-binding domain on Skip
In order to map the site of the pRb interaction on Skip, we made use of a series of Skip deletion mutants, and these are shown schematically in Figure 3D . The Skip deletion mutants were translated in vitro and GST pull-down assays were performed using GST-Rb fusion protein bound to glutathionecoupled agarose. The results obtained are shown in Figure 3A .
As can be seen, the wild-type Skip showed strong binding to pRb. In addition, mutant 1±353 showed wild-type levels of interaction, whereas the C-terminal mutant containing amino acid residues 350±536 failed to bind and only weak binding was obtained with the mutant spanning residues 1±179. None of the mutants spanning residues 1±292 retained wild-type binding with pRb (Fig. 3B) . These results raise the possibility that the region of Skip required for interaction with pRb lies principally between residues 179 and 353. To con®rm this, additional deletion constructs of Skip were used in GST pulldown assays, and the results obtained are shown in Figure 3C . As can be seen, the mutants 171±536 and 179±353 retained wild-type binding with pRb, indicating that residues 171±353, which comprise the highly conserved SNW domain of Skip (1,2,9±11,16) represents the interaction domain for pRb.
Obviously, the GST pull-down assay using in vitro translated Skip does not exclude the possibility that the interaction between pRb and Skip occurs via an intermediate protein.
To investigate this, the 1±353 deletion mutant of Skip, which shows wild-type binding with pRb, was expressed in bacteria as a six histidine-containing fusion protein (His 6 ) and was puri®ed by Ni 2+ -NTA agarose column chromatography. A GST pull-down assay was then performed using recombinant His 6 -Skip: 1±353 with GST or GST-Rb. GST-c-Ski and GST-HDAC1 were also included in the assay to clarify the nature of the already known interactions between Skip and Ski and between Skip and HDAC1, respectively (2, 13, 16) . Following extensive washing, the amount of Skip retained was determined by electrophoresis and western blotting with Skipspeci®c antibodies. The results obtained are shown in Figure 4 . As can be seen, quantitative recovery of the Skip protein was obtained on the GST-Rb agarose resin (lanes 2), whereas no binding to GST alone (lane 1), GST-Ski (lane 3) or GST-HDAC1 (lane 4) was detected. These results demonstrate that the interaction between Skip and pRb is direct and is not mediated by any other protein. These results also suggest that the Skip and Ski interaction (2,16) is indirect and is probably mediated by pRb.
Skip interacts with other pocket proteins
pRb belongs to the pocket protein family, which also includes p107 and p130. Having seen the physical and functional interaction between Skip and pRb, it was of interest to determine whether Skip could also interact with the other pocket proteins, p130 and p107. To do this, a series of pulldown assays were performed using GST-Skip and in vitro translated radiolabeled p107 and p130. The results obtained are shown in Figure 5 , and, as can be seen, Skip shows substantial binding with both p130 and p107.
We then proceeded to investigate whether Ski and Skip could modulate the transcriptional activity of p130 in a manner similar to that seen with pRb. Saos-2 cells were transfected with the AdE2 reporter plasmid together with an expression plasmid for p130. In addition, c-Ski and Skip were also included either alone or in combination. The results are shown in Figure 6 and it is clear that p130 represses transcription from the AdE2 promoter. Addition of increasing amounts of either c-Ski or Skip alone has only minimal effects on the ability of p130 to repress transcription. Interestingly, however, when increasing amounts of c-Ski and Skip are added in combination, it is clear that the p130-induced repression of the AdE2 promoter is readily overcome. These results demonstrate that c-Ski and Skip can act in concert to overcome the transcriptional repression mediated by both pRb as well as p130.
Inhibition of pRb-induced G1 arrest and¯at cell phenotype by Ski and Skip
Introduction of the Rb gene into Saos-2 osteosarcoma cells, which lack functional pRb, prevents progression into the S phase of the cell cycle (20, 25, 28) and induces a G1 arrest (29, 30) that is followed by marked cellular enlargement and ¯attening (25, 31, 32) . In addition, constitutively expressed cyclins A and E can overcome the pRb-mediated cell-cycle block (25,33±35) , and co-transfection of pRb with inactivators of pRb, such as Ad E1A and cyclin D, each prevent induction of the¯at cell phenotype (25) . Having found that Skip and Ski can abrogate pRb-mediated transcriptional repression, we then proceeded to investigate whether they could affect pRbinduced growth arrest. Saos-2 cells were co-transfected with pCMV-GFP together with Rb and Skip and Ski expression plasmids. After 48 h, the cells were trypsinized, ®xed and the proportions of GFP-expressing cells in different phases of the cell cycle were determined by¯ow cytometry and the results obtained are shown in Figure 7A . As expected, pRb caused an increase in the G1 population (12±13%) compared with the vector-only control transfected cells, while co-expression of the Ski and Skip plasmids largely reversed the G1 block induced by pRb. This was not due to a general perturbation of the cell cycle, since Ski and Skip alone did not cause any changes in the cell-cycle distributions. We then proceeded to investigate the effects of expression of Skip and Ski on the ability of pRb to induce a¯at cell morphology in Saos-2 cells. The cells were transfected with a pRb-expressing plasmid and The interaction between Skip and pRb is direct. GST-fusion proteins and GST alone were puri®ed on glutathione±agarose columns. These were then incubated with 40 ng of recombinant puri®ed His 6 -Skip 1±353 at room temperature for 1 h. After extensive washing, bound Skip was assessed by SDS±PAGE and western blot analysis with an antiserum raised against Skip. Figure 5 . Interaction of Skip with pocket proteins. Puri®ed GST or GST-Skip on glutathione resin was incubated with the in vitro translated pocket proteins: pRb, p130 and p107 for 1 h at room temperature. After extensive washing, bound proteins were analyzed by SDS±PAGE and autoradiography. a selectable marker (25, 36) in the presence and absence of either wild-type or a non-pRb binding mutant of Skip, together with Ski, and after 2 weeks the cells were stained for SA-bGal. The results obtained are shown in Figure 7B . As can be seen, almost 70% of Saos-2 cells transfected with pRb had ā at cell phenotype. However, when pRb and wild-type Skip and Ski were co-transfected, there was a dramatic reduction in the percentage of¯at cells to~12%. In contrast, inclusion of a mutant of Skip (350±536) that fails to bind pRb had no effect on the pRb¯at cell phenotype, whilst the mutant of Skip (171±536) that retains the ability to bind pRb also retains the ability to overcome pRb activity. Taken together, these experiments demonstrate that the combination of Skip and Ski can successfully overcome both pRb-induced growth arrest and the¯at cell phenotype.
DISCUSSION
In this communication we show that overexpression of Skip and Ski can effectively release pRb-induced repression of transcription and cell growth. We also show that this is most likely mediated via a direct interaction between pRb and Skip and map this interaction site to the evolutionarily conserved SNW domain of Skip, which has been shown previously to represent an interface for several protein±protein interactions (12, 16, 17, 37) .
Previous studies have shown that v-Ski complexes with pRb and inhibits pRb transcriptional repression (7) . In addition, Skip has also been found in complex with the muscle cell differentiation-speci®c transcription factor, MyoD, which, together with PABP2, binds to hypophosphorylated pRb (18, 38) . These observations lead us to investigate the potential effects of Skip upon pRb transcriptional activity. Using both the AdE2 promoter and an arti®cial 5xGal4TK-CAT reporter in conjunction with a Gal4-Rb fusion protein, we found that Skip in cooperation with Ski could readily overcome pRbinduced repression of transcription. Based on the strong and direct interaction found between pRb and Skip it is tempting to suggest that this is the mechanism by which Skip exerts this activity. A mutational analysis of Skip was then performed in order to map the site of interaction with pRb. Our data provides evidence that the region of Skip required for binding pRb lies between residues 171 and 353. Interestingly, this region of Skip encompasses the evolutionarily conserved SNW domain, which is also required for Skip transcriptional activation (16) . At present, we have been unable to de®ne the region of pRb that is bound by Skip and further studies are currently in progress. In addition, it will also be interesting to determine whether differences in the phosphorylation status of pRb affect the interaction with Skip, although the fact that Skip binds strongly to GST-pRb suggests that Skip may preferentially recognize the hypophosphorylated form of the protein. Interestingly, Skip was also found to interact with the other members of the pocket protein family, p107 and p130, albeit not as strongly as it does with pRb. In the case of p130, Skip and Ski also appear to be capable of overcoming p130-mediated transcriptional repression. Taken together, these results suggest that one of the consequences of the combination of Skip and Ski is to overcome pocket protein transcriptional repression, and hence their growth-suppressive activity. Further support for this notion came from studies to investigate the effects of Skip and Ski upon the growthsuppressive activities of pRb. Using two different biological assays of pRb function, induction of G1 arrest and induction of the SA¯at cell phenotype, we found that the combination of Skip and Ski was effective in reversing both aspects of pRb function. These results, therefore, suggest that the ability of Skip and Ski to abolish pRb transcriptional repression also results in abolition of the growth-suppressive activities of pRb.
There is mounting evidence that Skip can transcriptionally activate a variety of target promoters (12±14,16±18).
However, Skip also forms part of a co-repressor complex whose components include Skip, SMRT, SAP30, Sin3A, CIR, HDAC1 and HDAC2 (6, 13, 15) . Thus, Skip would appear to have a dual role whereby it is present in both activation and repression complexes, both of which are mutually exclusive due to competition for promoter units and speci®c components to form the functional complexes (13, 14, 15) . It is interesting to note that the viral EBNA2 protein has been shown to displace co-repressor complexes by recruiting co-activators such as p300, CBP and PCAF to the promoter (39) and that it also requires the ability to interact with Skip in order to do this (13) . Interestingly, the human papillomavirus (HPV) E7 oncoprotein has also been shown to interact with Skip and modulate its transcriptional activity (37) . Therefore, it is tempting to speculate that these two divergent viral oncoproteins, EBNA2 and HPV E7, may have evolved a similar mechanism for perturbing the function of co-repressor and coactivator complexes, via the common intermediary of Skip.
In summary, our data show that Skip and Ski can act in concert to overcome pRb-induced transcriptional repression and cell-cycle arrest. Previous studies had indicated that overexpression of wild-type c-Ski could partially abrogate transcriptional repression mediated by pRb (7) . Our data suggest that c-Ski can completely achieve this in complex with Skip. This is consistent with the fact that overexpression of wild-type c-Ski also leads to cell transformation, and suggests that both v-Ski and c-Ski may transform cells through the common mechanism of inhibiting the function of the growthsuppressive activities of pRb via the interaction with Skip.
